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The prominent Andes cordillera induces significant differences in climates between
its eastern and western slopes. These climatic differences are largely reflected by
contrasting vegetation and ice coverages but remain poorly documented. This study
quantifies the abrupt changes of precipitation and cloud properties at both sides of
the Andes south of 20◦S by using surface daily precipitation and satellite (CloudSat
and MODIS) data during the 2006–2016 period. Results show that the precipitation
changes drastically and precipitating clouds can be of very different nature on each side
of the Andes. In the tropical Andes (20–25◦S), precipitation normally falls from a sole
layer of thick stratiform and convective precipitating clouds during the warm semester,
but the annual mean accumulation is about 10–100 times larger on the eastern than
on the western slopes. A sole layer of low stratus clouds dominates over the Pacific
coast, occasionally producing light rains, whereas high, thin, and non-precipitating clouds
dominate most of the time over the continent. In the subtropical Andes (25–35◦S), annual
mean precipitation is similar on both sides, however, it falls from convective and stratiform
precipitating clouds in the warm semester on the eastern slopes, and from stratiform
precipitating clouds in the cold semester, mostly as frozen particles, on the western
slopes. These different features on both slopes denote a climatic transition between
the tropics and extratropics. In the extratropical Andes (south of 35◦S), stratiform cloud
types produces precipitation on both sides during all the year, but the annual mean
precipitation and cloud frequency are enhanced on the western slopes and strongly
reduced on the eastern slopes of the Andes. Cloud frequencies are higher than in the
subtropics and evenly distributed as single- or multi-layers of low, middle and high clouds.
Frozen particles become important in precipitating clouds over the mountains and on the
lee side. These findings demonstrate the significant influence of the Andes cordillera on
the climate all along southwestern South America, and constitute an excellent example
of how the simple dependence of climate on latitude can be substantially altered by
the topography.
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INTRODUCTION
The long meridional extent of the Andes profoundly alter
the frontal precipitation systems of the extratropical cyclones
approaching from the southern Pacific Ocean (e.g., Smith and
Evans, 2007; Garreaud et al., 2013), whereas the high Andean
elevations in the tropics and subtropics strongly modulate
local atmospheric circulation and moisture content that trigger
convective precipitation systems (e.g., Falvey and Garreaud,
2005). As a result, the climate on the western and eastern sides of
the Andes shows opposite patterns regardless the latitude and the
nature of dominant precipitation. Indeed, this provides a good
example of how the orographic effects of a prominent north-
south oriented mountain chain alters the simple dependence of
climate on latitude.
In the western tropics of South America, the high mean
elevation (∼4,500m) and width (∼400 km) of the Andean
plateau separate the extremely dry climate to the west from the
rainy climate to the east. Permanent subsidence, i.e., descending
dry air from high to low levels associated with the southeast
Pacific subtropical anticyclone, prevent the coastal western side
of the plateau from rain and humidity (Takahashi and Battisti,
2007a,b; Reboita et al., 2010). In contrast, warm and humid air,
transported to the eastern slopes of the Andes by synoptic eastern
and diurnal mountain winds, prevails over the eastern foothills
of the plateau. The orographic lifting of these winds triggers,
along with the synoptic lifting from mid-level low pressure or
equatorward fronts, abundant convective precipitations on the
eastern slope of the Andes (e.g., Vuille, 1999; Espinoza et al.,
2015). South of 35◦S in the extratropics, the prevailing westerlies
from the Pacific and their associated frontal precipitation systems
are deprived of moisture when passing over the relatively narrow
(<150 km) and low (∼1,500m) Andes, raining over the western
slopes and drying over the eastern slopes (e.g., Miller, 1976;
Garreaud et al., 2013; Bianchi et al., 2016; Viale et al., 2018). In
the transition (25–35◦S) between the tropics and the extratropics,
climate in the Andes resembles that of the extratropics with
wintertime precipitation falling mostly on the western slopes
(e.g., Falvey and Garreaud, 2007; Viale and Nuñez, 2011), and
that of the tropics with summer precipitation falling mostly on
the eastern slopes (e.g., Viale and Garreaud, 2014).
The interactions between the atmospheric circulation and the
Andes topography lead to important differences in climates at
each side of the range. The north-south orientation of the Andes,
perpendicular to both prevailing subtropical and extratropical
winds, introduces marked climatic variations that remain poorly
quantified. For instance, dense rainforests on the eastern flank
of the tropical Andean plateau contrast with extreme desert
conditions on its western flank. On the other hand, rainy forests
in the Chilean slopes of the Patagonian Andes contrast with the
Argentinean dry slopes and the Patagonian steppe. Despite these
marked differences in vegetation induced by marked gradients in
climate, a thorough assessment of the cross-barrier variations in
precipitation and cloudiness has not been conducted yet. The lack
of ground-based observations along the complex, inaccessible
terrain of the Andes range has precluded for several decades
significant advances in the knowledge of the interactions between
atmospheric circulations, precipitation systems and topography.
In addition, some questions dealing with the western extent of
the easterly rain over the Andean plateau or the change of the
cross-barrier gradient of mean precipitation still remain open.
Limited details of cross-barrier variations in precipitation
and cloud properties in the Andes can be found in pioneering
climatological studies covering Argentina, Chile, and South
America (Hoffman, 1975; Miller, 1976; Prohaska, 1976; Ereño
and Hoffman, 1978). More recent observational studies were
limited to a portion of the subtropical Andes, between 30 and
36◦S latitude (Masiokas et al., 2006; Viale and Nuñez, 2011;
Viale and Garreaud, 2014), and to the windward Andean slopes
(i.e., the Chilean side, Falvey and Garreaud, 2007; Viale and
Garreaud, 2015). Specifically, we expect to gain an integral
understanding of the orographic effect of the Andes on the
climate of southern South America by performing detailed
analyses along a long range of the Andes (20–55◦S) and across the
entire mountain chain. The objective of this study is to quantify
the variations of precipitation, cloudiness, and cloud properties
in cross-barrier direction of the Andes, from subtropical latitudes
(20◦S) to the southern tip (55◦S) of the South American
continent. Variations in these climatic variables strongly control
water resources and insolation across the Andes. The use of
increasingly available surface precipitation data in the region, and
multiyear measurements of cloudiness and cloud properties from
the MODIS and CloudSat polar-orbiting satellites over remote
areas in the mountain and the adjacent Pacific Ocean, allows us
to address this goal.
DATA AND METHODS
Surface Data
Daily precipitation (accumulations at 1200 UTC = 0900
LT) datasets managed by national agencies in Argentina
(Secretaría de Infraestructura y Política Hídrica), and Servicio
Meteorológico Nacional, SMN) and Chile (Dirección General de
Aguas, DGA, and Dirección Meteorológica de Chile, DMC) were
used in this study. A total of 733 stations with <10% of missing
values covering the 2006–2016 period of record were retained for
our analyses. Figure 1A shows the location of the precipitation
stations in southwestern South America superimposed on a
topographic map of the Andes. Due to the inaccessibility and
remoteness of the mountain range, most stations are located
in low-elevation areas adjacent to the Andes. Few stations are
located south of 45◦S along the western slope of the Andes
and on the high elevations in the subtropical Andes, where
most stations record snow accumulation. Most stations have
rain gauges that collect rainfall, whereas a small number of
stations have snow pillow sensors that record automatically daily
snow water equivalent. Surface stations are colored in Figure 1
according to their locations with respect to the crest of the
Andes. As we show later, cross-barrier zones are defined based
on topographic elevations (Figures 1B,C) and used to group
surface and satellite data. Thus, different colored stations refer to
different cross-barrier zones (i.e., upstream, upslope, downslope,
and lee zones). Since most surface stations are located along
mountain passes following river valleys within the mountain
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FIGURE 1 | (A) Map showing the study region in southwestern South America with the location of daily surface precipitation sensors represented by circles colored
according to its location with respect to the Andes crest. A color-coded topographic map is included with the Argentina-Chile border that represents approximately
the crestline of the Andes. Two swaths of the polar-orbiting CloudSat satellite are plotted to illustrate the methodology for grouping the datasets. (B,C) Two
meridionally averaged west-east cross sections of the Andes altitude (black line) and its 25th and 75th percentile altitudes (light and dark gray lines) are presented for
the 33–33.5◦S and the 43–43.5◦S latitudinal bands, representative of the subtropical and extratropical Andes, respectively. A total of 70 cross sections shown in
(A) and calculated within 0.5◦-width rectangles are used to define cross-barrier zones for grouping meridionally the surface and satellite data. The white rectangles
represent the 5◦-width latitudinal bands used for grouping latitudinally vertical profiles from the CloudSat dataset (see details in the text). Surface precipitation gauges
are plotted with green, red, blue, and magenta circles that represent its location in upstream, upslope, downslope, and lee cross-barrier zones, respectively.
chain, the elevation of surface stations is usually lower than the
mean altitude of the surrounding peaks (Figures 1B,C).
Satellite Data
To characterize cloudiness and cloud properties over the Andes
and its adjacent areas, we used Moderate Resolution Imaging
Spectroradiometer (MODIS) and CloudSat satellite data. Both
satellite datasets were analyzed over the southwest coast of
South America during the 2006–2016 period, which overlaps the
period of surface precipitation data. The satellite data cover the
entire mountain range, allowing a fair comparison between the
clouds systems upwind and downwind of the Andes. MODIS
instruments are on board of the Aqua and Terra satellites, while
a Cloud Profiling Radar sensor (CPR, Im et al., 2005) is on
board of CloudSat satellite. These three polar-orbiting satellites
pass twice a day over the Andes with tight formation in NASA’s
A-Train constellation (Stephens et al., 2002). Specifically, the
binary cloud-flag included in the fractional snow cover field of
the Snow Cover Daily L3 Global Grid V6 product (MOD10A1
and MYD10A1) were used, which informs on the presence of
clouds on 500m x 500m grid by combining visible and infrared
reflectance (Hall and Salomonson, 2006; Hall et al., 2006). This
binary cloud-flag is available in daytime since 2000 (2002 for
Aqua) at about 1500 UTC (1200 LST) and 1900 UTC (1600 LST)
for the Terra and Aqua satellites, respectively, at the National
Snow and Ice Data Center website (http://nsidc.org/). The cloud-
flagmetric used here has been processed by Cara et al. (2016) only
over land areas for snow cover exploration.
Unlike traditional weather radars, the W-band (94 Ghz)
radar aboard of the CloudSat satellite is sensitive to cloud and
light precipitation rather than moderate and heavy precipitation
particles (Im et al., 2005). After a battery failure of the CloudSat
spacecraft in April 2011, CloudSat retrieves data only in the
sunlight portion of the orbit, which correspond to about 1900
UTC in the Andes. The retrieval of each orbit or granule is
saved in one file and has approximately 37,088 profiles. Their
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FIGURE 2 | Number of CloudSat satellite (A) passes and (B) pixels over different cross-barrier zones (displayed in x-axes) and different 5◦-width latitudinal bands (i.e.,
color coded) during the period 2006–2016. The meridional-averaged cross-sections of the Andes elevations between 20 and 55◦S are plotted below each panel for
reference. See Figure 1A for two swaths of the CloudSat satellite passing over the studied region.
horizontal resolution is 1.7 km in cross-track direction by 1.3 km
in along-track direction, and 125 vertical bins of reflectivity
factor with 240m gate spacing from the surface to near 30 km
height. As an example, we show in Figure 1A two passes of
the CloudSat satellite. The organization in space of the data is
explained in the next subsection. For the purposes of this study,
rainy and non-rainy profiles from the 2B-CLDCLASS (Sassen
and Wang, 2008) and the 2C-PRECIP-COLUMN (Haynes et al.,
2009) products from the most recent version 5 were analyzed. A
rainy profile was identified by using the precipitation flags with
high confidence level. Insights of the macro-physical properties
of precipitating and non-precipitating clouds were gained by
analyzing the cloud types, layers, cloud-depths, as well as the
liquid content. In particular, valuable inferences of climate were
retrieved by looking at main cloud types, recognized by the
World Metorological Organization, and estimated by the 2B-
CLDCLASS algorithm. The algorithm estimates eight main cloud
types: Cirrus (Ci), AltoStratus (As), AltoCumulus (Ac), Stratus
(St), StratusCumulus (Sc), Cumulus (Cu), NimboStratus (Ns),
and Deep Convection (DC). Since CPR radar sensitivity detects
clouds rather than precipitation, the near-surface signal can
be largely attenuated under a heavy rainy situation or over
complex terrain due to the absorption ormulti-scattering by large
hydrometeors and/or surface clutter contamination (Mace et al.,
2007; Marchand et al., 2008). In fact, the level of attenuation is
used as a source of information to estimate rainfall on surface but
only over the oceans (Haynes et al., 2009).
Grouping Observational Data in
Cross-Barrier Zones and Latitudinal Bands
The methodology used to group the observational data for
examining the Andes influence on precipitation and clouds is
the same applied by Viale and Garreaud (2015) to the upwind
sector (Chilean side) of the Andes between 30 and 55◦S. Here,
we extended the coverage northward until 20◦S and eastward
over the whole downwind Argentinean portion. To this effect,
we considered a series of zonal transects extending from the
Pacific Ocean to the lee side of the Andes. The transects have
a width of 0.5◦ of latitude, covering from 20 to 55◦S with no
overlap (Figure 1A). For each transect, we defined a mean zonal
elevation profile across the Andes based on the meridional mean
from the GTOPO (30 s) DEM and determined the longitude and
altitude of the Andean crest (highest point). We then subdivided
each transect in six cross-barrier zones starting from the crest
of the Andes to the west: upslope, upstream, coastal and open
ocean, and to the east: downslope and lee zones (Figures 1B,C).
The up- and down-slopes zones extend from the crest to the
western and eastern foothills, respectively, defined as the point
with an elevation equal to a quarter of the crest elevation
within each transect. The upstream and the lee zones extend
from the western and eastern foothills to the Pacific coastline
(identified by the mean transect height equal to zero), and to
300 km eastward in the Argentinean lowlands, respectively. Most
of the Chilean and Argentinean surface stations are located
in these low elevation zones. Finally, we defined the coastal
and open ocean zones as the parts of the transect extending
westward from the coastline to 100 km and from 300 to 400 km
offshore, respectively.
Surface and satellite-based data were grouped according
to their cross-barrier and latitudinal locations, using the six
zones previously defined. Note that this grouping does not
consider the actual elevation of the station nor the satellite
footprint but rather the 0.5◦ meridionally averaged topographic
profile. Previous studies have pointed out that the relationships
between precipitation and altitude improves when considering
the surrounding elevation instead the specific elevation of the
station (e.g., Rasmussen and Tangborn, 1976; Frei and Schär,
1998; Falvey and Garreaud, 2007).
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FIGURE 3 | Transects of annual precipitation (mm in the middle subpanel) and percentage of cold-semester (AMJJAS) precipitation to the annual total in the top
subpanels, recorded by surface precipitation gauges across the subtropical Andes over the period 2006–2016. Each transect is plotted within a 2◦ width latitudinal
band according to the data availability: (A) 20–22◦S, (B) 22–24◦S, (C) 26–28◦S, (D) 28–30◦S, (E) 30–32◦S, and (F) 32–34◦S. The mean cross-barrier altitude of the
Andes and the elevation of surface sensors are plotted in each transect (at the inferior part of each subpanel). The different colors correspond to different cross-barrier
zones where precipitation sensors are located (see legend below and section Data and Methods for details).
To ensure a good sample size that provides robust statistics
of the satellite profiles, we grouped the 0.5◦ latitude transects
in seven latitudinal bands of 5◦ each (i.e., in the area enclosed
by white rectangles in Figure 1A). Over the period 2006–2016,
the number of satellites passes (profiles) available for each zone
ranged from 400 (105) on the Pacific Ocean to 1,500 (3.5 105)
on the leeside of the Andes (Figure 2). It should be noted that
differences in the number of satellite profiles arise partially from
the slightly different meridional widths of the cross-barrier zones.
However, the total number of profiles to estimate cloud features
is large in the final 5◦ width latitudinal bands (Figure 2).
CONTRASTING PRECIPITATION
AMOUNTS AND REGIMES ACROSS THE
ANDES AS SEEN BY SURFACE DATA
Let us begin describing the cross-barrier variations in
precipitation, considering daily surface data for two key variables,
the annual mean precipitation (Rm) and the contribution of
cold semester (Apr-Sep) to the annual total precipitation (Wm
in %). Wm provides a measure of the precipitation seasonality
along the year. Figures 3, 4 show 2◦ latitude-width transects of
Rm and Wm across the subtropical (20–34
◦S) and extratropical
(34–55◦S) Andes, respectively, while Table 1 show the areal
mean of Rm values in each transect. Note that for most of the
transects in the subtropics there is a scarcity of stations in the
interior of the barrier, a limitation that persists in surface data
and was partially solved by using satellite data.
On the southernmost part of the Andean plateau
(Figures 3A,B), the differences in Rm on each side are significant,
with values ranging from only 1–10mm per year on the extreme
desert areas in northern Chile to >1,000mm per year on the
forests in the eastern foothills. We used a logarithmic y-scale to
distinguish these large differences. The Wm metrics indicate that
precipitation fall mostly during the warm semester on both sides
of the plateau, except for a limited number of stations in the
upstream sector (Chilean side) with nearly 50% of Wm; however,
their Rm values are extremely low. Figures 3A,B show also that
Rm over the upslope sector are slightly higher than those over the
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FIGURE 4 | Same as Figure 3 but for the extratropical Andes. Again, each transect is plotted within a 2◦ width latitudinal band according to the data availability:
(A) 34–36◦S, (B) 36–38◦S, (C) 40–42◦S, (D) 42–44◦S, (E) 44–46◦S, (F) 48–50◦S, (G) 50–52◦S, and (H) 52–54◦S.
upstream sector, indicating that summer convective precipitation
systems reach up to the western margin of the plateau but with
a diminished intensity and/or reduced frequency. This is likely
caused by the long distance to the moisture sources, the Amazon
and the Atlantic Ocean, and by the proximity to the permanent
subsidence from the southeast Pacific anticyclonic circulation.
In the transects between 26 and 34◦S (Figures 3C,D), there is
a gradual reduction of the differences in Rm values between both
sides of the Andes, but an increase of the differences inWm with a
dominance of the cold-semester precipitation in the Chilean side
and the opposite in the Argentinean side. This climatic feature
in the subtropics denotes a transitional behavior between the
climates in the tropics and extratropics, gradually decreasing the
signal of the summermonsoon systems to the east the Andes, and
increasing the influence of the midlatitude precipitation systems
in winter to the west of the Andes.
In the transects between 34 and 38◦S (Figures 4A,B), the Rm
gradient reverses and shows larger values on the western than
on the eastern side (this is also evident in Table 1). However,
the dominance of cold-semester precipitation remains on the
western side, while the warm-semester precipitation diminishes
on the eastern side according to the Wm values. These two well-
sampled transects show a well-defined orographic enhancement
of midlatitude precipitation systems. Rm values are relatively
larger on the upslope than on the upstream zones, followed by a
marked reduction in Rm on the downslope zones (Figures 4A,B
and Table 1). The orographic influence on precipitation in this
part of the Andes has been already documented by Falvey
and Garreaud (2007), Viale and Nuñez (2011), and Viale and
Garreaud (2015).
Between 40 and 50◦S (Figures 4C–F and Table 1), the
extratropical precipitation systems prevail but the orographic
enhancement of precipitation on upslope zones is not as evident
as in the subtropics, likely due to the limited sampling of Rm.
Nevertheless, large Rm values on both upstream and upslope
zones contrast with low Rm values on the downslope and
lee zones. A strong orographic enhancement of precipitation
is suggested around the Patagonian icefields (46–50◦S) by a
few stations located just east of the crest of the icefields in
the downslope zone (Figure 4F). This is in line with previous
modeling studies for the region (Lenaerts et al., 2014; Schaefer
et al., 2015). Farther to the south, precipitation is gradually more
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TABLE 1 | Areal average of annual mean precipitation for the different cross-barrier zones and latitudinal bands shown in Figures 3, 4.
Latitudinal band Areal precipitation (mm) over each cross-barrier zone
Upstream Upslope Downslope Lee
20–22◦S 1.1 [0.8] (2) 44.0 [30] (19) 155.8 [–] (1) 983.0 [575] (4)
22–24◦S 5.8 [–] (1) 30.2 [19] (2) 893.8 [–] (1) 737.4 [–] (1)
26–28◦S 30.0 [9] (10) 46.4 [12] (11) – [–] (0) 689.5 [239] (2)
28–30◦S 104.9 [24](13) 97.8 [33] (15) – [–] (0) 638.9 [–] (1)
30–32◦S 193.5 [46] (39) 195.8 [51] (20) 172.5 [39] (6) 297 [130] (2)
32–34◦S 406.0 [131] (40) 518.1 [178] (10) 339.5 [87] (10) 425.7 [107] (10)
34–36◦S 838.2 [245] (44) 1483.3 [247] (16) 285.7 [26] (6) – [–] (0)
36–38◦S 1127.4 [333] (38) 1649.1 [536] (15) 107.2 [–] (1) 358.5 [–] (1)
40–42◦S 1966.5 [334] (5) 1163.6 [561] (8) 437.0 [305] (7) – [–] (0)
42–44◦S 2629.8 [–] (1) 2156.1 [98] (3) 857.0 [434] (5) 167.5 [–] (1)
44–46◦S – [–] (0) 985.8 [–] (1) 731.3 [146] (5) 240.4 [145] (5)
48–50◦S – [–] (0) – [–] (0) 655.3 [350] (3) 178.1 [78] (8)
50–52◦S 705.6 [–] (1) 415.5 [–] (1) 407.2 [160] (5) 308.3 [68] (8)
52–54◦S – [–] (0) – [–] (0) 830.0 [464] (2) 388.2 [52] (9)
The number between square parentheses represent the standard deviation of the areal average, while the number between parentheses represent the number of available stations in
the surface daily dataset used to calculate the areal average of each zone (see also Figure 1).
evenly distributed along the year as indicated by Wm values on
both the western and eastern sides of the Andes (Figures 4C–F),
which indicates that mid-latitude precipitation systems pass all
year round over this Andean sector.
The methodology for grouping the surface station in cross-
barrier zones does not work properly in the southern tip of
the continent (Figures 4G–H) due to the lower elevation of the
Andes and the change in mountain orientation from a north-
south to a northeast-southwest direction. Indeed, Figure 4G
shows a mix of stations from the upstream, downslope and lee
zones in a short west-east distance. As a result, there are not
major changes in Rm values in west-east direction, and the most
noticeable feature here is the evenly distribution of precipitation
throughout the year regardless the location of the stations.
CONTRASTING CLOUDINESS AND CLOUD
PROPERTIES ACROSS THE ANDES AS
SEEN BY SATELLITE DATA
In this section, we focus on cross-barrier variations in cloudiness
and cloud properties using the multi-year satellite data that
covers entirely the Andes Cordillera. By quantifying the cross-
barrier variations of cloudiness, cloud types and properties,
including precipitating clouds, we expect to improve our
understanding of orographic effects on both Andean slopes.
Cloudiness
Figures 5, 6 show large differences in cloudiness along the Andes
barrier direction, ranging from <30% over the subtropical to
more than 60% over the extratropical Andes. The frequent
cloudy skies over the extratropical Andes are composed of several
cloud layers, which are not common in the subtropical Andes
(Figure 5).
Despite the low cloud frequency over and around the Andean
Plateau, a great contrast in cloud types exists on both sides of
the Altiplano (Figures 5A,B). Low Sc are almost the only cloud
type observed over the Pacific Ocean, except for some sporadic
high Ci; whereas high Ci, As, and Ac are the most frequent
cloud types observed over the continental subtropics. Specifically,
over the upstream sector of the Plateau (Figures 5A,B), these
three high and thin clouds (Ci, As, and Ac) are observed
almost exclusively (>90%), since this extremely desert sector is
limited from moisture sources by the Andes to the west, the dry
continental soil below and the permanent subsidence aloft. We
infer that these high clouds may be originated outside this sector
and move into it at high altitudes, except for some sporadic low
Sc that could penetrate into the continent from the coast. In the
skies of the upslope, downslope and lee sectors of the Plateau
(Figures 5A,B), these high and thin clouds (Ci, As, Ac) are still
dominant but thicker clouds (Ns, Cu, DC, and Sc) are gradually
most frequent as the moisture sources and precipitation increases
eastward. It should be noted here that thicker clouds are more
likely to produce precipitation on the surface.
Across the Andes between 30 and 35◦S (Figure 5C), the
frequency of total and thicker clouds decreases on the lee and
increases over andwest of themountains (upstream, upslope, and
downslope sectors) in comparison with their counterparts farther
north. Over the Pacific Ocean, the dominance of the low Sc
clouds still persists, althoughmore high cloud types are observed.
Similar to the precipitation behavior south of 35◦S
(Figures 5D–G), the gradient of cloud frequency reverses,
with the west side of the Andes being approximately twice as
cloudy as the east side. Frequencies of total cloudiness and
thicker cloud types (Ns, Cu, and Sc) on the upslope, upstream
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FIGURE 5 | Frequencies (%) of cloudy profiles (top panels) and percentages of cloud types (%, middle panels) observed by the CloudSat satellite during the
2006–2016 period over different cross-barrier zones (open ocean, coast, upstream, upslope, downslope, and lee) and for different latitudinal bands: (A) 20–25◦S,
(B) 25–30◦S, (C) 30–35◦S, (D) 35–40◦S, (E) 40–45◦S, (F) 45–50◦S, (G) 50–55◦S. The mean cross-barrier altitude of the Andes is plotted in each transect for
reference. The CloudSat 2B-CLOUDCLASS product is used which discriminates between one and multilayers in the cloudy profile and between 8 main cloud types:
Cirrus, Altostratus, Altocumulus, Stratus, Stratucumulus, Cumulus, Nimbustratus, and Deep Convection.
and coastal sectors are also higher than those over the open
Ocean (Figures 5D–G), denoting an orographic enhancement of
cloudiness within the Westerlies. In contrast, the frequencies of
thick cloud types are the lowest (<30%), while the frequency of
the high and thin cloud types are the highest (>60%) over the lee
sectors compared with the rest of cross-barrier sectors, denoting
an orographic reduction of cloudiness. In the extratropics, the
low Sc clouds are still the most frequent type observed over
the Pacific Ocean, and even over the upwind sectors, but more
diversity of cloud types exists in this sector than in their Oceanic
counterparts in the subtropics.
Cross-barrier variations of cloud fraction derived from
MODIS are depicted in Figure 6. The high correlation
between cloud fractions and topographic lines, especially in
the extratropical transects, highlight the strong control of
the topography on cloudiness. Note that the cloud fraction
lines follow closely the coastal topography and the succession
of peaks and inner valleys within the extratropical Andes
(Figures 6F,G). In the subtropical transects (Figures 6A–C),
cloud fractions are higher during the morning passes of the
Terra satellite close to Pacific coast, and are associated with
low maritime Sc which tend to disappear in the afternoon.
Conversely, cloud fractions are higher in the afternoon over
the subtropical Andes (Figures 6A–D) and over the Patagonian
plateau (Figures 6E–H). These sub-daily differences in cloud
fractions are partially due to the diurnal cycle, which is forced
by the solar radiation. This forcing naturally reduces poleward
in the extratropics, i.e., indicated by lower sub-daily differences
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FIGURE 6 | Cross-barrier plots of the meridionally averaged altitude of the Andes (shaded) and cloud fractions (lines) between (A) 22–24◦S, (B) 26–28◦S,
(C) 30–32◦S, (D) 34–36◦S, (E) 38–40◦S, (F) 42–44◦S, (G) 46–48◦S, and (H) 50–52◦S. Cloud fraction is calculated using the MODIS product from onboard of
polar-orbiting Terra (blue line) and Aqua (red line) satellites. Terra satellite overpass South America around 1500 UTC (1200 LT, noon time), while Aqua overpass around
1800 UTC (1600 LT afternoon time). The correlation coefficients between the topographic profile and the cloud fraction are also shown in blue and red for those
derived Terra and Aqua times, respectively.
between cloud fractions and correlations of different daytimes.
For example, higher correlations in the afternoon than in
the morning within the subtropical Andes may be caused by
thermally-driven mountain winds (Whiteman, 2000) ascending
through mountain slopes and producing clouds (c.f. Figure 3 of
Viale and Garreaud, 2014). In contrast, the minimal differences
in the correlations of different daytimes in the extratropic denote
that synoptic forcings may dominate there.
Precipitating Cloud Properties
Figure 7 highlights that a minimal fraction of cloudy profiles
produce precipitation in the subtropics, whereas this fraction
gradually increases in the extratropics. In line with previous
analysis, the frequency of precipitating and non-precipitating
profiles is nearly twice as high on eastern sides of the Andean
plateau as on its western sides (Figures 7A,B), except over the
open ocean where there is high frequency of low Sc. To the
south of the Andean plateau (Figures 7C,D), the gradient of both
frequencies reverse, being higher on the western than on the
eastern side of the subtropical Andes. Additionally, the frequency
of precipitating profiles may be twice as high on upstream and
upslope zones as on the coast and open ocean zones, while it may
be three to four times higher on upstream and upslope zones than
on the downslope and lee zones. This denotes a strong orographic
enhancement on the upslope zones, and a prominent rain shadow
effect on the Patagonian steppe.
CloudSat retrievals also discriminate between solid and
liquid precipitation, and between different types of precipitation
(convective, stratiform and shallow). Solid precipitation (snow
and mixed) is largely predominant over the high Andes
between 30 and 35◦S (Figure 7C), and occurs about half of
the time over the highest part of the Patagonian Andes, where
extensive icefields are located (Figure 7F). Not surprisingly,
solid precipitation has a minimal incidence over the low
Patagonian Andes (Figures 7D,E,G). Regarding the precipitation
types, stratiform precipitation dominates south of the Andean
Plateau (Figures 7C–G), while convective precipitation has
minor incidence but gradually more frequency on the mountains
to the east side. Curiously, convective precipitation is not the
dominant precipitation type on eastern sides of the Andean
Plateau (Figures 7A,B), although this has the highest percentage
for the whole Andean region analyzed here. This low percentage
of convective precipitation around the Andean Plateau may be
related to the small twice-daily footprints of the CloudSat CPR,
which in many occasions may not overpass just over the small
convective precipitation core that evolve rapidly from convective
to stratiform precipitation (i.e., the nature of ordinary convection
in the subtropical Andes, e.g., Romatschke and Houze, 2013;
Rasmussen et al., 2016). In addition, the retrieval of precipitation
type by the CPRmeasurements became difficult over the complex
terrain (see % of not determined values).
Figure 7 also presents the freezing levels during precipitating
profiles, which are interpolated from the ECMWF model
to the CPR footprints (i.e., the CloudSat ECMWF-AUX
product). Freezing levels are much higher in precipitating
profiles downwind of the Andes north of 40◦S than in
their counterparts upwind of the Andes (Figures 7A–D). This
is likely due to warmer environments during summertime
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FIGURE 7 | Frequencies (%) of precipitation type (top panels) and precipitating profiles (middle panels), and the elevation of the freezing level (median and interquartile
values) in precipitating profiles observed by the CloudSat satellite over the 2006–2016 period in different cross-barrier zones (open ocean, coast, upstream, upslope,
downslope, and lee) and for different latitudinal bands: (A) 20–25◦S, (B) 25–30◦S, (C) 30–35◦S, (D) 35–40◦S, (E) 40–45◦S, (F) 45–50◦S, (G) 50–55◦S. The mean
cross-barrier altitude of the Andes is plotted in each transect for reference. Note that the y-axis changes the scale in different panels to highlight variations in
cross-barrier directions. CloudSat 2C-PRECIP-COLUMN product is used which discriminate between snow, liquid, and mixed phases of precipitating profile, as well
as between different type of precipitation (convective, stratiform, and shallow).
monsoon precipitation systems than during wintertime frontal
precipitation systems. In frontal precipitation systems, a lowering
of the freezing level is observed from the Pacific Ocean to the
upslope sector, which has been linked with pseudo adiabatic
cooling produced by orographic lifting and with the latent
cooling from the melting of orographically enhanced frozen
precipitation (Minder et al., 2011; Minder and Kingsmill, 2013).
Indeed, Figure 8 indicates that frozen particles precipitating
on the surface as liquid or solid particles play an important
role over the mountains and the lee of the southern Andes,
but not over the Pacific Ocean. This interpretation arises
from the analysis of the total mass fraction of liquid water
contained in surface precipitation (Figure 8, top panels), whose
values are one over most of the open ocean, coastal and
upstream zones, but reduce to zero in some upslope and
downslope zones.
The cloud types for precipitating profiles are presented in
Figure 8, together with the cloud depth and the mean elevations
of the lowest rainy cloud layers. Moderately deep (6–8 km) Ns
clouds dominate everywhere producing precipitation, except for
thin (<1 km) Sc clouds that dominate and produces light rain
over the subtropical Pacific Ocean (e.g., Hayden and Liu, 2018).
Deep (>8 km) DC clouds also produce rain on the lee of the
subtropical Andes while low and thin (<1 km) Sc clouds over the
extratropical Pacific Ocean (Figures 8A–C). The dominance of
Ns cloud producing precipitation is coherent with the dominance
of stratiform precipitation type shown in Figure 7. Rainy Ns
clouds increase their relative frequencies and depths from the
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FIGURE 8 | Total mass fraction of liquid water contained in surface precipitation (median and interquartile values in the top panels), percentage of cloud types (%,
middle panels), and mean elevation of cloud deck and cloud depth (bottom panels) during precipitating profiles observed by the CloudSat satellite over the
2006–2016 period in different cross-barrier zones (open ocean, coast, upstream, upslope, downslope, and lee) and for different latitudinal bands: (A) 20–25◦S,
(B) 25–30◦S, (C) 30–35◦S, (D) 35–40◦S, (E) 40–45◦S, (F) 45–50◦S, (G) 50–55◦S. The mean cross-barrier altitude of the Andes is plotted in each transect for
reference. Note that the y-axis changes the scale in different panels to highlight variations in cross-barrier directions. CloudSat 2B-CLOUDCLASS and
2C-PRECIP-COLUMN products are used.
ocean to the mountains, except over the high Andes where
cloud depth is limited by the elevated terrain. In contrast, rainy
Sc clouds decreases their relative frequencies from the ocean
to the mountains. The minimal presence of high, thin, and
non-precipitating clouds (Ci, Ac, As) may be interpreted as
several cloud layers coexisting when precipitation is occurring on
the surface.
DISCUSSION AND CONCLUSION
This paper provides an up-to-date, detailed analysis of the
contrasting climatic patterns on the western and eastern sides
of the Andes south of 20◦S by quantifying the cross-barrier
variation in precipitation and cloud properties. Surface daily
precipitation and satellite data over the 2006–2016 period were
first grouped in transects, according to their latitude and location
in relation to the crest of the Andes, and then used to explore
the orographic effects on typical precipitation systems occurring
in the tropics and extratropics. The polar-orbiting satellite
data used here (CloudSata and MODIS) have the limitation
of discontinuous measurements, which is partially solved by
using a multiyear period (2006–2016) that includes hundreds
to thousands passes over the Andes. The large number of
observations consisting of one to two high-resolution profiles
available per day allowed us to characterize main climatic
differences in cloud properties in each sides of the Andes.
Overall, the results of surface and satellite data indicate that
the amount of annual precipitation is immensely dissimilar and
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FIGURE 9 | Cross-barrier schematic representation of total cloud frequency (top panels) and relative percentages of cloud types (bottom panels) for (A) the southern
Andean plateau (20–25◦S), (B) the subtropics (25–35◦S), and (C) the extratropics (south of 35◦S). Percentages of clouds represent approximately mean values in
three main cross-barrier zones [ocean, east side (upstream and upslope), and west side (downslope and lee) of the Andes] estimated from Figures 5, 7, which in turn,
were obtained from the CloudSat satellite during the 2006–2016 period. The principal cloud types are inferred by the 2B-CLASSCLOUD algorithm of CloudSat.
that the nature of precipitating clouds is very different on each
side of the southern sector of the Andean Altiplano (20–25◦S),
while south of 25◦S, precipitating clouds are orographically
enhanced on the western and strongly reduced on the eastern side
of Andes.
The main features of precipitation and clouds are
schematically synthesized in Figure 9 using cross-barrier
sections at representative latitude bands showing distinctive
climatic patterns. Across the southern sector of the Altiplano
(20–25◦S, Figure 9A), precipitation is concentrated in the warm
semester, but annual mean precipitation is ∼10–100 times lower
on its western side than on its eastern side. This explains the
contrasting landscapes on both sides of the elevated Altiplano.
This drastic reduction of precipitation amounts can be partly
attributed to the low frequency of precipitating clouds on the
western slopes compared to that on the eastern slopes and on
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the lee side of the Altiplano. This reduction of precipitation
intensity toward the western slopes has been documented in
several studies (e.g., Espinoza et al., 2015; Junquas et al., 2018).
Low Sc clouds dominate over the Pacific Ocean and high, thin,
and non-precipitating clouds (Ci, As, Ac) dominate most of the
time over the continent, whereas sporadic, thicker precipitating
clouds (Ns, Cu, DC) increase in frequency from the western
slopes to the east as the distance to moisture sources decreases.
In this elevated Plateau, cloudy skies are usually composed by a
cloud layer, and a minimal fraction of cloudy profiles produce
precipitation on the surface. Thin low Sc are the predominant
clouds producing light stratiform or shallow rain over the ocean,
while moderate deep Ns and deep DC clouds produce stratiform
and convective precipitation, respectively, over the plateau and
the lee side. Frozen particles represent a minimal fraction of total
precipitation over the mountains, but reach the surface mostly
as rain. Permanent subsidence associated with the southeast
Pacific subtropical anticyclone prevent strongly the occurrence
of rain, humidity and midlevel clouds on the western flank of the
Altiplano (Takahashi and Battisti, 2007a,b). In contrast, warm,
humid and unstable continental air transported in summer to the
eastern slopes of the Altiplano by synoptic eastern and diurnal
mountain winds, favors the developing of frequent convective
precipitation in this sector (e.g., Garreaud, 1999; Falvey and
Garreaud, 2005)
Across the high Andes between 25 and 35◦S (Figure 9B),
differences in annual total precipitation on each side are
less evident. However, the precipitation seasonality markedly
changes, becoming predominant in the cold semester on western
side through frontal precipitation within the Westerlies (e.g.,
Falvey and Garreaud, 2007; Viale and Nuñez, 2011), and
remains dominant in the warm semester on the eastern side
through easterly flow and convective precipitation (e.g., Viale and
Garreaud, 2014). The surface data indicates that an inflection
point in the gradient of the annual total precipitation occurs
around 30–32◦S, where annual values are similar on both
side of the Andes. This suggests a change in the direction
of precipitation gradient, increasing from west-to-east to the
north in the tropics and from east-to-west to the south in
the extratropics. It should be noted, however, that limitations
in surface data within the Andes still remain, and satellite
estimates of accumulated precipitation on complex terrain
are still in debate (e.g., Castro et al., 2015; Hobouchian
et al., 2017; Zambrano-Bigiarini et al., 2017; Rivera et al.,
2018). The climatic pattern observed in this region denotes
a transitional behavior, with conditions resembling those in
the extratropics in winter on the western side, but those
of the tropics in summer on the eastern side. Thin low Sc
clouds still dominate and produce light rain over the ocean,
although high non-precipitating clouds (Ci, Ac, Ac) gradually
increase as well as the precipitating Ns clouds. Over the
high mountains, high non-precipitating clouds (Ci, Ac, Ac)
are the predominant types, while Ns clouds produce most of
dominant stratiform solid precipitation (snow). On the lee side,
stratiform liquid precipitation from Ns clouds are predominant
but convective precipitation from DC clouds play an important
role as well.
South of 35◦S (Figure 9C), the mean precipitation and the
frequency of precipitating and non-precipitating clouds are
substantially higher on the western side than on the eastern
side of Andes. Nevertheless, the precipitation seasonality tends
to be gradually similar and more evenly distributed throughout
the year on both sides of the Andes. Orographic enhancement
of midlatitude precipitation systems is clearly discernible in
rainy, dense forest areas on upstream and upslope zones, with
mean precipitation and frequency of clouds being roughly two
times greater compared to those on the coastal and open
ocean zones. These results closely agree with the satellite-based
results of Falvey and Garreaud (2007), Barrett et al. (2011),
and Viale and Garreaud (2015). The strong reductions of the
precipitation and cloudiness on the downslope and lee zones are a
prominent climatic feature on the Patagonian steppe, with values
three or four times lower than in their upstream and upslope
counterparts. From the Pacific Ocean to the upslope zones of
the Andes, the low Sc and middle Ns clouds gradually become
the most frequent cloud types poleward; whereas thin high non-
precipitating clouds dominate on the downslope and lee zones
of the Andes, likely due to the disruption of low clouds by
orographic subsidence. Compared to what was observed further
north in the subtropics, at these latitudes a higher fraction of
multi-layer cloudy skies produces precipitation on the surface.
Indeed, a large fraction of low Sc and middle Ns clouds produces
stratiform precipitation upwind of the Andes, while mostly Ns
clouds produce precipitation downwind of Andes. Also, frozen
particles become important on precipitating clouds over the
mountains and even on the lee, which reach the surface as snow
or mixed precipitation roughly 50% of the time over the highest
points of the south Patagonian Andes where extensive icefields
are located, and as liquid precipitation most of the time over the
lower adjacent areas.
Our findings provide new important information to improve
the understanding of the contrasting precipitation patterns across
a vast mountainous region in southern South America. This
can be useful from a climatic point of view but also from
an ecological, hydrological and/or glaciological perspective. In
particular, the results obtained here using the active microwave
measurements on board of the CloudSat satellite are promising
and could encourage further studies which involve remote
sensing data to complement the serious lack of in situ
observations in elevated and remote areas of the Andes. Although
this lack of basic in situ climate information can be partially
overcome by the growing number and variety of satellite-based
datasets, the maintenance of existing of surface climate networks
and the implementation of new meteorological stations in the
Andes must be considered a priority to better understand the
climate in the most prominent mountainous region of the
Southern Hemisphere.
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